The control of the flow over the flap of a three-element high-lift configuration is investigated numerically by solving the unsteady Reynolds-averaged Navier-Stokes equations (URANS). At a Reynolds number of Re = 1 · 10 6 the flow is perturbed by periodic blowing/suction through a slot near the flap leading edge. The main focus is on the mechanisms of separation control, for which flow field structures at two different excitation parameters are studied. The simulations are conducted using a swept wing of infinite span in order to study the impact of different excitation parameters. The method of feature-based extraction will be used to identify dominant large scale structures in the unforced and excited flow field. 
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Introduction
Modern commercial aircraft are equipped with sophisticated multi-element high-lift devices consisting of a slat and single or multiple flaps that generate the tremendous amount of lift required during takeoff and landing in order to reduce ground speeds and runway lengths. Because such elements tend to be complex, heavy and expensive, aerodynamic research has traditionally aimed at simplification of these whilst maintaining effectivity. Experimental and numerical investigations have shown that the effectiveness can be significantly improved by delaying flow separation on the flap for high deflections on airfoil configurations at low and high Reynolds numbers.
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The paper describes a numerical investigation of the control of the flow over the flap of a three-element high-lift configuration by means of periodic excitation 4 and the feature-based analysis of the flow field using extremum lines. An unsteady wall jet emanating from the single slotted flap shoulder close to the leading edge is used to excite the flow and thus provoke either delay of separation or reattachment 5 The test model consists of a swept wing with extended slat and a single slotted Fowler flap. As the flap deflection angle is increased, the flow separates from the flap resulting in a loss in lift and an increase in drag.
These investigations are mainly focused on the mechanisms of separation control by analysing flow field structures at two different excitation parameters. The simulations are conducted using a swept wing of infinite span in order to study the impact of different excitation parameters at feasible computational cost. The method of feature-based extraction will be used to identify large scale and dominant structures in the unforced and excited flow field.
Flow Control
It is usual to divide flow control methods into active and passive arrangements. Passive methods include effects caused by appropriate profiling or those caused by self-triggered processes of the flow. In contrast active methods are characterised by arrangements with an excitation mechanism that inserts external energy into the flow (figure 1b). Passive methods have been well-investigated in the last decades and have been integrated in scores of technical applications in the form of vortex generators as well as Gurney flaps 6 (figure 1a). Mechanisms that systematically vary the geometry of the body represent a hybrid method of passive and active control: although it is an active engagement, the nessesary energy cost is negligible. In this context geometry adaptation such as dynamic adjustment of the outline of the profile in the vicinity of a shock 7 or movable micro tabs on the trailing edge 8 constitute important examples. The majority of the current investigations are focused on active flow control concepts.
A large number of recent experimental and numerical studies have shown the general effectiveness of active flow control for single airfoils. In most investigations, leading edge suction is applied to delay transition, and jet flaps are also employed for lift increase and manoeuvering. Surface suction/blowing can be used to rapidly change lift and drag on rotary wing aircraft. 10 However, most control techniques considered in the past demonstrated low or negative effectiveness.
In further investigations oscillatory suction and blowing was found to be much more efficient with respect to lift than steady blowing. [11] [12] [13] The process becomes very efficient if the excitation frequencies correspond to the most unstable frequencies of the free shear layer, generating arrays of spanwise vortices that are convected downstream and continue to mix across the shear layer. Suction and blowing can be applied tangential to the airfoil surface, 14 perpendicular 15 or with cyclic vortical oscillation. In order to create an effective and efficient control method previous studies have been primarily focused on the parameters of the excitation apparatus itself. Overviews are given by Wygnanski and Gad-el-Hak.
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Simulation
General Description
The numerical test model represents the practically-relevant SCCH (Swept Constant Chord Half model) high-lift configuration that has already been used for several experimental studies targeting passive flow and noise control concepts. [18] [19] [20] In the experiments, the three-dimensional wing has a sweep angle of Φ = 30
• and a constant chord length in the spanwise direction. The numerical investigation is mainly focused on a wing with infinite span in order to reduce the computational costs. The simulation of this infinite wing comprised only one part of the three-dimensional effects generated by the sweep. The typical three-component setup consists of a main airfoil equipped with deployed slat and flap with 0.158 c and c k = 0.254 c relative chord lengths respectively (figure 2). All profiles have blunt trailing edges. The flap is situated at a fixed position underneath the trailing edge, forming a gap of 0.0202 c and an overlap of 0.0075 c. The flap deflection angle was increased from the baseline value (32 • ) in precursor, steady simulations. The separation position of the flow on the upper flap surface reaches its most upstream position at a flap deflection angle of 37
• . The angle of attack is fixed at 6 degrees for the whole configuration, which is situated in the typical range of approach for civil aircraft. In addition, the flow over the flap is detached whereas the flow over the slat and the main wing is still fully attached. With these settings the area of separated flow above the flap is maximised and better suited to the application of active flow control ( figure 3) .
In all numerical investigations the freestream velocity corresponds to a Reynolds number of Re = 10 6 , based on the chord of the clean configuration (with retracted high-lift devices). This high Reynolds number is chosen to demonstrate the relevance to industrial applications.
Numerical Method
The numerical method applied is based on a three-dimensional incompressible finite-volume scheme for solution of the Reynolds-averaged Navier-Stokes equations. The three-dimensional method is fully implicit and of second order accuracy in space and time. Based on the SIMPLE pressure correction algorithm, a co-located storage arrangement for all quantities is applied. Computational Mesh Figure 4 shows the mesh around the slat, the main airfoil and the flap. The dimensions of the computational domain are 15 chords forward, above and below the configuration and 25 chords behind. Figure 4b shows the two-dimensional mesh around the entire configuration. The two-dimensional computational c-type mesh consists of 90,000 cells in total. The non-dimensional wall distance of the first cell centre remains below Y + = 1 on the complete surface. The three-dimensional grid is based on an expansion of the two-dimensional mesh into the third direction. For consideration of an infinite swept wing 16 layers of the two-dimensional mesh are combined to resolve a three-dimensional wing section by 1,300,000 cells in total (figure 4a). The infinite character is simulated by means of periodic boundary conditions. 
Time Step Size
Characteristics of the unsteady behaviour are already known from initial numerical investigations of the configuration without excitation. A separate study of the influence of time step size indicated that a typical time step of ∆t = 4.2 × 10 −3 c/u ∞ is sufficient to obtain results independent of the temporal resolution. All computations presented here are based on ∆t = 2.1 × 10 −3 c/u ∞ , which allows a resolution of around 202 time steps per oscillation cycle for a non-dimensional oscillating frequency of F + = 0.6.
Boundary Conditions
At the wind tunnel entry all flow quantities including the velocity components and turbulence properties are prescribed. The level of turbulence at the inflow is set to T u = 1 u∞ ( 2 3 k) 1/2 = 0.1% and the turbulent viscosity µ t /µ = 0.1. At the outflow a convective boundary condition is used that allows unsteady flow structures to be transported outside the domain. The complete airfoil and flap surface is modeled as a non-slip boundary condition. As the resolution is very fine, a low-Re formulation is applied. The wind tunnel walls are neglected in the far field.
Excitation Mechanism
To model the excitation apparatus, a periodic suction/blowing type boundary condition is used. The perturbation to the flow field is introduced through the inlet velocity on a small wall section representing the excitation slot:
where u a is the amplitude velocity of the perturbation oscillation, F + is the non-dimensional perturbation frequency, τ is the dimensionless time given in convective units of the whole configuration, H is the slot width (H = 0.00186 c k ) and C µ is the non-dimensional steady momentum blowing coefficient. The oscillating jet is emitted perpendicular to the wall segment of the excitation slot, and is located at 6% chord behind the flap leading edge (figure 3).
Methods for Feature-based Vortex Analysis
The analysis technique is presented in the following, and is based on the examination of vortex structures. Vortices play a major role in all flow applications due to their desired or undesired effects on the flow. In turbomachinery design, vortices reduce efficiency, whereas in combustion chambers vortices must be controlled to achieve an optimal mixture of oxygen and fuel. In the case of the flow around a high-lift configuration, vortex structures have to be weakened in order to increase the desired lift and to reduce the parasitic drag.
Introduction to Feature Extraction
The data to be analyzed in this paper consists of three spatial dimensions, the time dimension, and two parameter dimensions. While the latter have been covered sparsely, it is still a complex data set. The human brain has the ability to grasp primarily three dimensions and current computer hardware has only limited capabilities to display them. Hence, only subsets of the complex and extensive simulation results can be visualized (or otherwise presented to the investigator) at once.
Therefore, an analysis technique is chosen that allows the flow information to be condensed to its structural vortex skeleton by means of feature extraction, which reduces the amount of data to a small set of geometric objects. Furthermore, a quantification of the extracted features allows a feature hierarchy to be built up leading to even more simplified representations by e.g. filtering out the less important features.
Feature extraction is used to automatically find interesting parts in the data. This can guide the user in the manual exploration of a data set. It allows concentration on certain aspects of the data such as the vortex structures. Furthermore, it is easily automated and therefore perfectly suited to batch jobs on supercomputers. The resulting feature set is usually small enough to be handled and displayed interactively with commodity hardware. Hence, the time needed by the user is reduced since parts of the analysis are automated and the manual part is interactive. In contrast to most other visualization methods, feature extraction techniques usually depend on less parameters or even no parameters at all. Hence, the interpretation of the results depends less on a user-defined parametrization (e.g. isovalue, transfer function).
Vortex Analysis using Extremum Lines
In the following the approach employed to extract vortex structures is described. This is done by considering extremum lines (ridges or valleys) of Galilean invariant vortex region quantities. The method is based on a topological analysis and uses first order derivatives of the examined scalar field only.
While Post et al. 22 and Peikert et al. 23 give a thorough overview of algorithms for the treatment of vortical structures, a short introduction is given here. These can be classified in two major categories: vortex region quantity vortex range vortex core type
(−∞, 0) valley Table 1 . Vortex region quantities pressure p, vorticity ω, rotation strength ∆ from, 34 Q-criterion and λ 2 criterion with the value range in which they indicate vortices. Vortex cores according to definition 1 are either ridges or valleys as shown in the third column.
• Vortex region detection is based on scalar quantities that are used to define a vortex as a spatial region where the quantity exhibits a certain value range. These are referred to as vortex region quantities. Examples of this are regions of high vorticity magnitude, negative λ 2 -criterion, 24 or positive Q-criterion.
25
In general, these measures are Galilean invariant, i.e. they are invariant under the addition of constant vector fields. This is due to the fact that their computation involves only derivatives of the vector field. Isosurfaces or volume rendering are common approaches for visualizing these quantities, which require the choice of thresholds and appropriate isovalues or transfer functions. This can become a difficult task for some settings.
• Vortex core line extraction aims at extracting line type features that are regarded as centers of vortices. Different approaches exist, e.g. cores of swirling motion, 23, 26-28 vorticity lines corrected towards pressure minima 29 or λ 2 minima, 30 or lines of extremal scalar value. [31] [32] [33] The extraction of such lines is parameter free in the sense that their definition does not refer to a range of values. This eliminates the need to choose certain thresholds. Table 1 lists a number of vortex region quantities. Besides their Galilean invariance, a further characteristic that they have in common is that vortex activity is locally maximal where the scalar field becomes locally extremal. Hence, the core line of a vortex can be defined as an extremum line of such a Galilean invariant vortex region quantity. • In contrast to an isosurface extraction or volume rendering of the respective quantity, the extraction of extremum lines is parameter free in the sense that their definition does not refer to a range of values. This eliminates the need to choose certain thresholds or transfer functions. In other words, it objectifies the analysis and the extraction can easily be applied without user interaction, for instance as a batch job prior to visualization or during the simulation. See figure 5.
• Extremum lines correctly identify the location and extent of the vortices in contrast to isosurfaces, which may break up along vortices or may contain several independent vortices. See figure 5.
• In contrast to a volume rendering, extremum lines allow for a quantitative analysis since they are well-defined geometric objects. Hence, several characteristics can be measured : the length of a vortex, its distance to the body (e.g. an airfoil), its temporal evolution, its life time, and much more. This therefore enables a statistical analysis.
•
Several notions of extremum lines have been developed in the literature. 32, 33, 35 Here, the method of Sahner et al. 33 is used, which extracts such structures using topology, i.e. the extremum lines are a part of the topological skeleton of the examined vortex region quantity.
The topology of a 2D scalar field is analogous to the watershed lines of a 2D terrain: at certain line structures, rain water separates in the sense that nearby water collects in different valleys. Those maximum lines partition the domain into valleys, within which all the water flows towards the same minimum. Similarly, the domain is partitioned into hills separated by minimal lines called watercourses. On hills all water runs down from one maximum.
The generalization to 3D is straightforward. Here the watersheds are surfaces, and additional onedimensional separatrices come into play, which are lines of minimal/maximal scalar value. Under the assumption that the examined scalar field is an indicator of vortex activity (e.g. as listed in table 1) these lines denote vortex core lines following definition 1.
The topological skeleton of a scalar field is called a Morse-Smale complex. A number of different extraction strategies can be applied. [36] [37] [38] If the scalar function is differentiable, its topology can be obtained as the vector field topology of its gradient and corresponding extraction schemes can be applied. 39, 40 The reader is referred to Sahner et al. 33 for a discussion of different extraction schemes in this context and the following extraction approach has been chosen, since the resulting lines of this scheme are smooth:
The critical points of the examined vector field (in this case, the gradient of a vortex region quantity) are extracted first. Around such points the flow exhibits different flow patterns that can be used to classify the critical point as sources, sinks and saddles. While the flow behavior around sources and sinks is uniformly either outflow or inflow, saddles both have an inflow and an outflow direction and corresponding stable and unstable manifolds that are one-and two-dimensional. The one-dimensional stable (or unstable) manifolds are integral curves of the gradient of the vortex region quantity constituting maximal (or minimal) lines of the quantity. Those lines by stepping away from the critical point are computed in direction of the eigenvector corresponding to the one negative (or positive) eigenvalue of the Hessian of the vortex region quantity and trace backward (or forward) gradient curves from there. Figure 5 shows the result of such an extraction. Figure 5 . Minimal lines of pressure (red) and pressure isosurface (yellow). The same time step is shown, but three different isovalues for the isosurface extraction. A precise vortex analysis using isosurfaces is difficult since they may break up along vortices or envelope contain several independent vortices. In contrast to this, extremum lines correctly identify the location and extent of the vortices.
Results
In the following the methods described are applied in order to analyze the impact of the active flow control technique on the high-lift configuration. In particular, the influence of the actuation parameters intensity and frequency are studied, but first a basic description of the flow physics for the unexcited and excited case is given.
Basic Description
Unexcited Flow
As the set-up is completely three-dimensional, the investigations of the unexcited flow are aiming at understanding the separation process on the flap and determining the main drivers that trigger flow separation. Factors such as the sweep angle of 30 degrees generate a strong cross flow on the main wing and especially on the flap. The flow field of the SCCH -configuration without excitation is characterised by massive separation above the upper surface of the flap. The mean separation point is located at 6% chord behind the flap leading edge, and downstream a large recirculation region occurs. The large recirculation region downstream of the detachment line is based on near-wall flow in the upstream direction with a dominant component in the spanwise direction. This component is also produced by the local pressure gradient in the spanwise direction (sweep) and is strongly developed in the slow detached flow. The unsteady behaviour of separated flow is mainly governed by large vortices shed from the flap trailing edge that interact with the vortices generated in the shear layer between the recirculation region and the flow passing through the slot between main airfoil and flap nose. These vortices show a twisted character as a result of the sweep (figure 6a). The unsteady structures are thereby approximately characterised by a two-dimensional behavior. The larger recirculation region behaves like a flap with less effective camber and produces a lower suction peak. The upwash effect reduces the velocity near the wall of the main trailing edge as well as the main suction peak. The spectrum of the lift coefficient of the natural flow shows a dominant amplitude for a Strouhal number formed with the flap chord of St u = f 
Excited flow
Following the investigation of the unperturbed flow, the flow control mechanisms are applied. All flow control computations use the baseline case solutions as initial flow conditions. In order to find an optimum excitation, simulations with different frequencies at C µ = 50 × 10 −5 as well as with different intensities at F + = 0.6 are performed. The excitation mode in the 3d simulations of the infinite wing is equal to a sinusoidal blowing and suction. Figure 7a presents three-dimensional results of the excitation in the simulation with different frequencies compared to the two-dimensional results. The diagram shows the difference of the lift coefficient relating to the unexcited case depending on excitation frequency. The largest lift of the two-dimensional flow can be found at a frequency of F + = 2.0. In this case the lift coefficient can be enhanced by 17% compared to the baseline simulation. Computations of the infinite swept wing show a similar behavior, although the level of gain in lift by the excitation of the two-dimensional case cannot be achieved. The lift coefficient of the infinite swept wing can be enhanced by 11% compared to the baseline simulation at a Strouhal number of the excitation signal F + = 0.6. The reason for the smaller enhancement for the infinite swept wing compared to the two-dimensional case is the three-dimensionality of the flow induced by the sweep. In the range of strong gain in lift (F + = 0.2 ... 0.5) the infinite swept wing achieved the same change in lift at higher frequencies compared to the two-dimensional flow. At frequencies slightly higher than the optimal excitation frequency (F + = 0.6) the gain in lift decreases in the case of the infinite swept wing. Excitation with low intensity (C µ = 10 ... 50 × 10 −5 ) leads to a strong increase in lift (max. 11%) for the case of the swept wing (figure 7b). If C µ becomes larger than 50 × 10 −5 , however, the lift ceases to increase further. The two-dimensional excited flow shows a similar behavior (17%), but at intensities greater than C µ = 200 × 10 −5 the lift increases again slightly (max. 19%). In general, the results for both excitation parameters show that the lift either ceases to increase or begins to decrease slightly if the frequency or intensity exceed a certain limit (F + = 0.6, C µ = 50 × 10 −5 ). The largest proportion of the total lift (≈ 80%) is produced by the main wing in the unexcited as well as the excited case. The gain in lift of the perturbed flow is also primarily generated by the main airfoil (max. 8.4% of 11.3 % in total). Through active flow control by means of periodic blowing and suction of the flow over the flap the particular gain in lift of the slat as well as the main airfoil are increased by the upwash. From this behavior it would appear that the total gain in lift is not caused by the particular increase of the flap but by the enhanced circulation around the main airfoil generated by decreased flow separation on the upper flap surface.
The gain in lift caused by the excitation is mainly based on a change of flow direction at the trailing edge of the main airfoil. With the excited flow condition above the flap the trailing edge departure angle of the main airfoil is increased (compare unexcited and excited cases in figure 9c ) and the pressure distribution above the main airfoil is enhanced. The natural flow above the flap is mainly governed by large-scale vortex shedding from the flap trailing edge, which is nearly eliminated in the optimal excited flow (compare figures 6a and 6b). Small-scale vortices generated by periodic suction and blowing above the perturbation slit enable the transport of energy from the main flow to the recirculation near the wall. Thereby the time-average detachment position moves downstream, the recirculation area is reduced and the downflow condition is modified. The large swirled vortex above the flap trailing edge in the natural flow disappears with the excitation, and further upstream two small swirled vortices are generated and the strong cross flow near the flap surface is clearly narrowed (figure 6b). The character of the optimum perturbed structures is deeply three-dimensional, whereby the distribution of perturbation energy is improved and the generation of large coherent vortices is suppressed.
Parameter Study
Frequency of the Actuation
In figure 8 the results of the topology-based vortex analysis are shown, which has been applied to study the influence of the actuation frequency. While it is known which frequency yields the best lift, the main goal is to uncover the underlying physics: why does a certain frequency yield a higher lift than others? Figure 8a indicates the setup: performance enhancements by controlling the flow separation at the rear flap using periodic air injection are sought. The vortex structures have been extracted as topological separatrices of the pressure gradient and denote lines of minimal pressure. Figure 8c shows parts of the topological skeleton of the pressure gradient. A quantification of the separation lines based on pressure and a subsequent filtering of weak vortices has been applied. This allows the most important information to be focussed upon. The result is shown in figures 8d-f, where the impact of the actuation frequency on the vortex structures can be studied. Note that this is a five-dimensional data set consisting of three spatial dimensions, time, and the frequency parameter dimension -the excitation intensity is fixed at a value of C µ = 50 × 10 −5 . Raising the frequency causes a reduction of the strength of the vortex shed from the flap trailing edge, which is a necessary condition for increasing lift. However, higher frequencies (F + > 0.6) are not beneficial to the gain in lift. Using a visual comparison of the vortex structures at different frequencies, it has been found that vortex structures are induced by the actuation jet itself. This has a negative effect on the pressure distribution and consequently on the lift. Especially at higher frequencies, the excitation dominates the natural flow structures and induces long-lasting, almost two-dimensional vortices in fast succession at the top of the rear flap (figure 8f). In contrast to this, the induced vortices at F + = 0.6 dissolve quickly and are therefore less influential.
To evaluate the analysis technique, a more traditional method should be used. Figure 9 shows the trailing edge departure angle of the main airfoil in the unexcited case, which is defined as the angle between the oncoming flow direction and the flow direction at the trailing edge. This angle is directly linked to the pressure distribution above the main airfoil: a larger angle indicates a higher pressure gradient which is a main trigger of increased lift. The second and third column of figure 9 show the trailing edge departure angle for the unexcited, optimally excited (F + = 0.6), and high-frequency excited flow (F + = 2.0). At F + = 0.6 (solid red line in 9b ) a pronounced three-dimensionality can be observed in contrast to the other cases. This causes a higher dissemination of the excitation energy and inhibits the formation of strong vortex structures -as is already known from the vortex analysis, see figure 8e. At higher frequencies, the excitation dominates the natural flow and the departure angle is almost two-dimensional in the spanwise direction similar to the unexcited case. This goes hand in hand with the observed vortex structures for these cases, which are also almost two-dimensional.
The topology-based analysis technique of vortex structures has contributed to the physical understanding of the flow structures and was thereby instrumental to the optimal choice of parameters.
Intensity of the Actuation
At the optimal excitation frequency of F + = 0.6 13 different excitation intensities of C µ · 10 5 = C µ = 10, 15, 20, 25, 50, 75, 100, 125, 150, 212, 300, 400, 500 have been simulated. Figure 10 shows the result of the vortex analysis.
Excitation with low intensity (C µ = 10 . . . 50) leads to a strong increase in lift (max. 11%) (figure 7b). However, if C µ becomes larger than 50, the lift ceases to increase further. In general, the results for both excitation parameters show that the lift either cease to increase or begins to decrease slightly if the frequency or intensity exceeds a certain limit (F + = 0.6, C µ = 50). As in the frequency modulation, the topology-based vortex analysis helps in understanding those effects: At a low intensity of C µ = 10, the excitation jet is too weak to perturb the shear layer significantly, see figure 11a . The structures show an almost two-dimensional character in combination with a strong vortex shed from the flap trailing edge (the colormap is reversed compared to the frequency modulation) similar to the unexcited case. This changes at higher intensities. At C µ = 20 (figure 11b) and C µ = 50 (figure 11c) three-dimensional vortex structures are produced as expected by the perturbation of the shear layer. Figure 11 . Topology-based vortex analysis of the intensity variation at four selected intensities. At intensities of C µ = 20 and C µ = 50 the structures are three-dimensional, whereas at lower and higher intensity, the structures have a two-dimensional characteristic. At C µ = 500, a strong excitation-induced vortex is created at the top of the rear flap.
The vortex shed from the trailing edge shows a weaker strength compared to the unexcited or low-excitation case. However, at C µ = 500, the excitation is so intense that the excitation jet penetrates through the shear layer and a significant part of the energy is absorbed by the free stream. This results in a large, excitation induced vortex with a very short life cycle (figure 11d). As only part of the energy can be used to control the shear layer, the downstream vortices keep much of their two-dimensional characteristics. Furthermore, C µ = 500 is 10 times higher than in the C µ = 50. Although the effectivity is comparable, the excitation with C µ = 50 is much more efficient.
Conclusions
Active flow control by means of periodic suction and blowing into the flap boundary layer has been applied to a three-element high lift configuration. Numerical investigations have shown that the flow field can be successfully controlled. Leading edge separation on the flap can be delayed and the lift can be significantly enhanced. The numerical study mainly focussed on the mechanisms of separation control by analysing flow field structures at different excitation parameters. The numerical investigation was carried out on a swept wing of infinite span in order to reduce the computational costs.
In order to provide separated flow conditions in the numerical part various flap settings have been tested. At a deflection angle of δ f = 37
• (α = 6 • ) the flow on the flap is fully detached. The sweep generates a strong cross flow on all parts of the configuration especially on the seperated flap flow. The vortex shed from the flap trailing edge shows a twisted character.
By changing the excitation frequency at a constant intensity, an optimum frequency can be identified. The mean lift coefficient of the two-dimensional flow increases by 17%, of the infinite wing by 11%. The significant differences between the gains in lift is explained by the growing three-dimensional effect. Numerical investigations with various momentum coefficients at a given excitation frequency have shown that the lift increases strongly if the intensity is smaller than C µ = 50 × 10 −5 . If C µ becomes larger, however, the lift ceases to increase further (infinite wing) or increases again slightly (2D flow). The largest proportion of the total lift (≈ 80%) is produced by the main wing in the unexcited as well as the excited case. The study of the gain in lift of each particular element of the infinite configuration has shown that the total gain in lift is not caused by the particular increase of the flap but the enhanced circulation around the main airfoil generated by decreased flow separation on the upper flap surface. The reason for the effectiveness of periodic excitation are the vortices generated by the perturbation. As the natural flow above the flap is mainly governed by large-scale vortex shedding from the flap trailing edge, three-dimensional, small-scale vortices generated by periodic suction and blowing above the perturbation slit enable the transport of energy from the main flow to the recirculation near the wall.
The method of topology-based vortex analysis using extremum lines is applied for a detailed analysis of the flow structures. The 3D time-dependent excited flow depends on two additional parameters introduced by the periodic blowing and suction: frequency and intensity. By using this method it was possible to identify the influence of the variation of this parameter on the flow field and the underlying physics could be elucidated. The study of the influence of the actuation frequency on the vortex structures has shown that a rising frequency causes a reduction of the strength of the vortex shed from the flap trailing edge, which is a necessary condition for increasing lift. The visual comparison of the vortex structures at different frequencies has found that vortex structures are induced by the actuation jet itself. Especially at higher frequencies, the excitation dominates the natural flow structures and induces long-lasting, almost two-dimensional vortices in fast succession at the top of the rear flap. In contrast to this, the induced vortices at the optimum frequency dissolve quickly and are therefore less influential. A more traditional method is the extraction of the trailing edge departure angle of the main airfoil. This angle is directly linked to the circulation around the main airfoil: a larger angle indicates a higher circulation which is the main cause of increased lift. At the optimum frequency a pronounced three-dimensionality can be observed in contrast to the other cases. This causes a higher dissipation of the excitation energy and inhibits the formation of strong vortex structures. At higher frequencies, the excitation dominates the natural flow and the departure angle is almost two-dimensional in the spanwise direction similar to the unexcited case. At a low intensity the structures show an almost two-dimensional character in combination with a strong vortex shed from the flap trailing edge similar to the unexcited case. This changes at higher intensities. At optimum intensities three-dimensional vortex structures are produced as expected by the perturbation of the shear layer. The vortex shed from the trailing edge shows a weaker strength compared to the unexcited or weakly-excited case. At very high intensities the excitation is so intense that the excitation jet penetrates through the shear layer and a significant part of the energy is absorbed by the free stream. This results in a large, excitation induced vortex with a very short life cycle.
